Under suitable conditions of substrate supply, cell suspensions of yeast Saccharomyces uvarum may display synchronized oscillations of glycolytic metabolism.
INTRODUCTION
The yeast Saccharomyces uvarum is a eucaryotic micro-organism which normally forms a uniform population of unicellular metabolically non-interacting organisms. However, under special conditions, cell suspensions can be induced to display synchronized oscillations of the glycolytic metabolism (Chance, Estabrook & Ghosh, 1964) . While regulation of the key enzyme of glycolysis, phosphofructokinase, has been identified as a participant in these oscillations (Hess, Boiteux & Kriiger, 1969) , the underlying mechanism of intercellular synchronization still remains obscure (Ghosh, Chance & Pye, 1971) .
The glycolytic oscillations are of the nonlinear type, which spontaneously may develop a spatio-temporal organization (Hess, Boiteux, Busse & Gerisch, 1975) . Investigations on a model system revealed many properties of the structure-generating phenomena which also should apply to other systems if some prerequisites are fulfilled, e.g. coupled nonlinear interactions (feedback), which occur under highly unequilibrated conditions (Pavlidis, 1973) . Glycolysing yeast cells and their extracts seem to fulfil these prerequisites.
More general models of signal transmission by oscillatory systems in morphogenetic fields of highly developed organisms have been proposed and recently been substantiated by the observation of moving wave fronts of cells in the early chicken embryo (Goodwin & Cohen, 1969; Stern & Goodwin, 1977) .
Here, experimental evidence is suggesting that communication between oscillating yeast cells may give rise to a spatio-temporal organization and generate propagating waves in an otherwise homogeneous cell suspension.
METHODS

Organism, medium and growth
Strain ATCC 0080 of Saccharomyces uvarum was used throughout the experiments. It was grown anaerobically in 5-I. batches in a laboratory fermentor (Eschweiler, Kiel) at 32 °C with continuous agitation. Anaerobiosis was ensured by a stream of nitrogen (99, 995 %, Messer Griesheim). A medium recommended for aerobic growth (Hess & Boiteux, 1968) was slightly modified: 50 g glucose. H,O, 2g yeast extract, 6 mg Ergosterol, 2 ml Tween 80 per 1 1. medium. It was inoculated with 50 ml of a preculture. The yeast was grown until the beginning of the stationary phase of growth. This phase corresponds to that of glucose depletion. After harvesting and washing, wet weight was determined and the cell paste was resuspended in 5 times its volume of potassium phosphate buffer (o-i M, pH 65). This stock suspension was maintained at 30 °C under nitrogen atmosphere. Its cell density of about 1-7-1-9 x io* cells/ml remained unchanged. The yeast suspension could be used experimentally for about 24 h. Prior to harvesting, cycloheximide was added to a final concentration of 15 fig/ml toprevent aerobic adaptation (Schatz & Kovac, 1974) . The buffer for incubation and washing was also supplemented with cycloheximide.
Induction of glycolytic oscillations
By external continuous glucose supply. An aliquot of the stock suspension waa centrifuged and resuspended in fresh buffer to its original volume. It was then transferred to a reaction vessel held at 25 °C and protected by a steady stream of nitrogen. The suspension was pumped from the vessel through a flow-cuvette where the NADH-fluorescence was recorded (Aminco Bowman Ratio SPF, excitation 340 ran, emission 450 nm, band width 25 nm). A 2 M stock, solution of glucose was continuously fed into the vessel by a tube pump (Varioperpex LKB).
By internal continuous glucose supply. After centrifugation of an aliquot of the stock solution, the yeast was resuspended in fresh buffer containing 4 % glycogen (w/v; E. Merck, Darmstadt). Amyloglucosidase (AG; E.C. 3.2.1.3; Boehringer, Mannheim) was added and after throroughly mixing, the suspension was transferred to a cuvette.
Determination of amyloglucosidase activity
Glycogen was dissolved in potassium phosphate buffer (o-i M, pH 6-5) to a concentration of 4% (w/v). The solution was prewarmed to 25 °C and 10 /ilof a commercial amyloglucosidase-(AG) suspension were added. After an incubation time of 0-20 min, the reaction was stopped by heating for 1 min and the glucose released by the AG-action was determined in a coupled hexokinase/glucose-6-phosphate dehydrogenase assay (Gluco-quant; Boehringer).
Device for detection of spatial pattern
Glycolytic oscillations are conveniently monitored by the periodic changes in the NADH absorption. Spatial patterns can be revealed by the spatial variations in the NADH absorption. Accordingly, a photometric device was constructed to detect such variations (Fig. 1 , Eschweiler, Kiel). It consisted of an annular cuvette of 185 cm circumference and 0-52 cm optical path, (special design of Hellma, Miillheim). The cuvette was mounted on the driving shaft of an electric motor, which could be operated at different speeds. The assembly was placed in thecuvette housing of a dual-wavelength photometer (Aminco DW 2). The light beams (A t = 340 M ) °f the photometer were guided to the cuvette by a flexible light pipe. (Schott, Mainz). The cuvette was rotated at 5 rev/min to detect spatial structures in the oscillating cell suspension. Traces of NADH absorption were drawn simultaneously on 2 recorders. At first, the time course was displayed. Then, the «-axis of an x, ^-recorder was. coupled to the driv ng shaft of the electric motor which returned the pen to its zero position after each revolution of the cuvette, thus producing a record of NADH absorption versus, the circumference of the cuvette. For technical reasons, the last cm of each turn was omitted.
Spatio-temporal organization in yeast
Since the signal/noise ratio was small compared with the differences in NADH absorption, detected, slight differences in the optical path of the cuvette were significantly disturbing. Therefore, a computer (micro 16, Digico) which was connected to the photometer was used to digitize the signal and store the values. In the lag phase prior to the onset of oscillation, a base-line was recorded and stored. Subsequent records were corrected by subtraction of the baseline values before the data were fed on to the x, ^-recorder.
In addition, the data for each revolution were punched on paper tape for later display on a television screen of another computer (see below).
RESULTS
Induction of glycolytic oscillations
Glycolysing yeast suspensions can develop a stable oscillatory state if glucose is added continuously from an external source when the rate of supply remains within a suitable range (Hess & Boiteux, 1968; v. Klitzing, 1970) . Since stable oscillations are thought to be required for the demonstration of spatial patterns, we used the procedure described to test the oscillatory capacity of freshly prepared stock suspensions (Fig. 2) . A rate of 80-200 mM glucose/h x 1. cell suspension was found tobe adequate (corresponding to 7-8-19-4 x icr 6 M/min/g wet weight)
, but the precise range differed for each preparation of cell suspensions. In Table i Experimental conditions as described in Fig. 2. the induction of the oscillatory state seems to demand the satisfaction of more restrictive conditions than its maintenance. For detection of spatial patterns, a method was also developed to induce stable glycolytic oscillation in an unstirred suspension. The incubation buffer was supplemented with glycogen and amyloglucosidase was added (see methods). Since the •enzyme degrades continuously the polymer to free glucose, a steady supply of glucose in each volume element of the suspension could be obtained without stirring. Oscillations induced by this method are shown in Fig. 3 .
Under suitable conditions, 40-50 cycles were displayed. The number of cycles obtained depended upon the amount of AG added. Usually, optimal conditions were found when the activity of AG corresponded to a rate of glucose supply of 45-55 mM/h/1. cell suspension. This range is much lower than the values reported above for external glucose supply. The difference is probably due to the fact that the AG activity was determined 'in vitro' at pH 6-5, i.e. at the original pH value of the incubation buffer. However, in the unstirred suspension, CO 2 can accumulate during the glucose decomposition and lower the pH value to about 5-6 during an experiment. The pH optimum of AG is about 5-0. Hence, the pH drop causes a significant increase in the AG activity and concomitantly an increase in rate of glucose supply. During the lag phase after the addition of AG, the glucose supply is probably below the range necessary for the induction of oscillations. The damping of the oscillatorystate may be caused by a pH-dependent increase in the AG activity above a critical limit. Accordingly, the duration of the lag-phase before the onset of the oscillatorystate was found to be inversely proportional to the amount of AG added and to increase with rising buffer capacity (data not given). The yeast cells were suspended in buffer containing glycogen and amyloglucosidase and after mixing transferred to the rotation cuvette. The first and last few cycles were recorded with the cuvette arrested; in between, it was rotated at 5 rev/min. The rotation causes an additional variation in the periodic signal, since the NADH absorption changes along the cuvette circumference due to developing spatial patterns. The time axis increases from right to left.
Demonstration of spatio-temporal organization
An aliquot of stock suspension was centrifuged and resuspended in incubation buffer containing glycogen to demonstrate spatio-temporal structures (see methods). After addition of AG and mixing, the suspension was transferred to the rotation cuvette. During the lag phase, the NADH absorption was recorded with the cuvette arrested. After onset of the oscillatory state, the cuvette was rotated at 5 rev/min and the NADH absorption was recorded as a function of time (Fig. 4) as well as against the circumference of the cuvette (Fig. 5) . At the beginning of rotation, the formerly smooth periodic signal acquired an appreciable ' noise' due to variations in NADH absorption at different positions of the cuvette. That phenomenon indicated the arisal of spatial patterns (see Fig. 4) . A more comprehensible record of these spatial changes in NADH absorption was provided by the plot of absorption versus the circumference of the cuvette (see Fig. 5 ).
Seven successive turns were recorded and numbered according to their order of appearance. From the position A to B, the amplitude of the NADH absorption synchronously declines. In contrast, the zone near position c is clearly out of phase, since from turn 4 to 7 the absorption increases ahead of that of all other zones. This effect may be verified by following the trace of turn 7. Moreover, the increase in amplitude at c spreads to the neighbouring volumes. This may be visualized by comparing successive turns from 4 to 7 around the zone at c. The phenomenon resembles the travelling bands of chemical waves, observed in the BelousovZhabotinsky-Reaction (Winfree, 1974) .
The velocity of spreading of the increase in NADH absorption was measured to be 4-5 cm/min and the extension of the zone organized by the volume element at c to be about 8 cm. The high degree of synchrony in the suspension points towards the existence of strong metabolic interaction between the yeast cells that may ulti-Cuvette-circumference 360°F ig. 5. Profiles of NADH absorption around the circumference of the cuvette. The spatial distribution of NADH Oy-axis) along the circumference of the cuvette (x-axis) was displayed on an x, ^-recorder simultaneously with the recording of Fig. 4 . Seven successive turns of the cuvette were monitored and numbered according to their order of appearance. They correspond to the first 7 turns of the cuvette after starting the rotation in Fig. 4 . Spatial phase differences in the periodic changes of NADH absorption may be observed by comparing the sequences of numbers. The change in the left peak is opposite to that of the right peak. mately lead to the organization of the whole suspension. A survey of the evolution of spatio-temporal organization was provided by the display of a set of data on a television screen (Figs. 6, 7) . Here, 65 sample points were taken from each turn of the cuvette and displayed as 65 rectangles in a row. Since the circumference of the cuvette is 18-5 cm, each rectangle corresponds to an area of 2-8 mm. The differences in NADH-absorption were displayed as differences in the grey tone. The time course of the revolutions in the figure is given by the order of the rows from the top to the bottom. Accordingly, rectangles within a column from the top to the bottom correspond to successive traces at a fixed cuvette position sampled in time intervals of 12 s. Fig. 6 shows 4 cycles of the oscillation recorded in Fig. 4 beginning from the onset of rotation of the cuvette. The upper 7 rows represent the 7 turns plotted in Fig. 5 . In the left part of Fig. 6 , the absorbancy changes are fairly well coordinated, i.e. the changes in NADH absorption in this zone of the suspension are in phase. In the right half of the figure, the spatial synchrony is less pronounced, i.e. zones of different phases are displayed. Moreover, in the centre of this zone, a volume element is observed of which the phase is ahead of that in its neighbouring volumes (corresponding to point c in Fig. 5) . One recognizes the spreading of a wave-front into adjacent areas by following, in successive rows, the boundary at which black rectangles turn into white, thus creating a spatio-temporal structure in this part of the cell suspension. The wavefront is annihilated as soon as it collides with another wave. This occurs at the zone of high synchrony in the left half of the graph. The volume which in phase is ahead of its neighbours seems to act as a pacemaker, which synchronizes neighbouring cells and thus organizes a limited zone of the suspension. Fig. 7 shows a graphical representation of a similar experiment. Again, travelling wavefronts which repeatedly are originating from the same point may be recognized by following the boundary of strong intensity changes in successive rows. In this case, Fig. 7 . Spatio-temporal organization in a yeast cell suspension (see Fig. 6 ). Whereas in Fig. 6 the whole circumference of the cuvette can be fitted to a single wavestructure, i.e. in a horizontal line there is only 1 minimum and 1 maximum of the NADH absorption, here, 2 waves fit into the cuvette. This may be verified, e.g. by examining the 20th line. Moreover, there exist positions in the cuvette where the NADH variations are small compared to those in other positions (compare a vertical line through a position at one third of the screen width from the right edge of the picture with one at one third of the screen width from the left edge). the spatial wave is fully developed and a spatial wavelength of the emerging structure of about 10 cm was calculated. Since this wave is reproducible over several cycles, evidence of a stable spatio-temporal structure has been demonstrated.
DISCUSSION
Spatio-temporal structures developed by oscillating reactions are believed to be involved in supracellular morphogenetic processes. Evidence of the existence of such structures has been provided by observations of the characteristic aggregation pattern of the slime mould Dictyostelium discoideum. This phenomenon is now known to arise from a periodic signal transmission generated by an intracellular biochemical oscillatory reaction (Hess et al. 1975; Gerisch, Huelser, Malchow & Wick, 1975) . Up to date, no good evidence for the development of chemical waves and spatiotemporal organization in cell communities exists except for these organisms. Our records of the spatial distribution of NADH-absorption in yeast cell suspensions may partly fill this gap, since they show directly the generation and propagation of chemical waves as well as the emergence of a supracellular organization in a previously uniform cell suspension.
The strong coupling between the single yeast cells is reflected in the high degree of spatial synchrony in certain parts of the system, i.e. neighbouring cells are nearly in the same metabolic state. The individual cells are induced by this synchronization to adjust their individual behaviour to their environment, thus producing structures of macroscopic dimensions. The magnitude of the structures observed here clearly exceeds the one which may be expected in morphogenetic processes of multicellular organisms but does not necessarily disprove the connexion.
Yeast cells may communicate with the aid of an extracellular substance in a manner similar to that of cAMP in Dictyostelium discoideum during aggregation. In that case, the velocity of signal transmission and the magnitude of the resulting structures must depend on, for example: (1) the molecular properties of the diffusible agent, (2) its extracellular concentration gradient in the macroscopic structure, and (3) the threshold concentration at which individual cells respond. Adequate changes of these parameters must change the magnitude of the structure and the velocity of spreading to values which are compatible with the requirements of morphogenetic signal transmission. Since the molecular mechanism of synchronization in oscillating yeast cell suspensions at present is not well understood, direct experiments are not yet feasible.
The biological significance of the glycolytic oscillations, their synchronizing capability and the associated spatiotemporal structures in yeast suspension, remain for the time being obscure, because no circumstances are known under which Saccharomyces uvarum undergoes a development in multicellular stages which would demand an intercellular communication. This may be a latent ability inherited by the yeast but superfluous in its evolutionary niche. Nevertheless, these experiments demonstrate how macroscopic structures can develop in a cell community which had been previously in random order and could serve as a model for processes which take place in cell tissues of more highly developed organisms but which are as yet inaccessible to experimental detection.
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